We report the results of systematic studies of plasmonic and photonic guided modes in largearea single-layer graphene integrated into a nanostructured silicon substrate. The interaction of light with graphene and substrate photonic crystals can be classified in distinct regimes of plasmonic and photonic modes.
1
. The high refractive index and low absorption of silicon allow for low-loss waveguiding from the terahertz to the telecommunication spectral range in the near infrared, but its band gap of 1.1 eV renders silicon an inefficient material for photodetection in this long wavelength range. Hence, photonic systems based on alternative materials, such as III-V semiconductors 2 and graphene 3 , are sought for those applications 4 . In particular, graphene is a promising material since it supports mid-infrared plasmons 5, 6 , with light confinement down to 1/100 of the free-space wavelength λ0, as well as tunability of electrical conductivity, thus allowing the creation of active devices 7 not possible with conventional metal plasmonics. Graphene plasmons have already been experimentally observed [7] [8] [9] [10] [11] [12] and explored for terahertz and infrared absorption, modulation, photodetection, and chemical sensing [13] [14] [15] [16] [17] [18] . Furthermore, graphene can be easily integrated with silicon photonics components for more efficient light management schemes 14, 19 . 
Fabrication and measurement:
Large-area graphene monolayers were grown on copper film by a chemical vapor deposition (CVD) process. The thickness and crystallinity of the graphene layers were characterized by means of Raman spectroscopy (data not shown). The graphene layers were then transferred onto patterned photonic crystal substrates by a PMMA-assisted method (Figures 1a-b ) 38 . The resulting morphology of the graphene layers was examined by atomic force microscopy (AFM). These measurements yielded an apparent height difference of 0.89 nm between the regions of graphene supported by silicon and those suspended over holes (Figure 1c) . The FWHM of the AFM peak provides an indication of the surface roughness of the graphene samples. Based on these measurements, the roughness of suspended and supported graphene layers was found to be 1.72-nm and 5.31-nm, respectively, indicating that the transferred graphene was of reasonably good quality. The contrast in the surface stiffness of the suspended and supported regions of the graphene sample was used to map the overall structure (Figure 1d ). The formation of graphene-silicon anti-dot arrays with a fixed lattice constant a and increasing hole radii r was identified by the surface stiffness mapping technique [ Figure 1d (i-vi) ]. The hexagonal symmetry was present for all samples, with limited disorder from polymer residues, as shown in Figure 1d (i-vi) and in the corresponding two-dimensional Fourier transforms in Figure 1d (i'-vi' ).
Experimental results:
For broadband optical characterization of the structure in the infrared, we probed the response of the sample using a commercial Fourier transform infrared spectrometer (Vertex, Bruker Optics), collecting the IR spectra in a reflection geometry. To this end broadband light from a thermal source was directed onto the sample at normal incidence through an aperture of 100 μm x 20 μm size. We then measured the reflectance R from the graphene-covered structure and the reflectance R0 from an uncovered reference region of the photonic crystal. The extinction spectra are presented in Figure 2 , where the systematic shift is observed with substrate geometry variation. Figure 2a presents the plamsmonic modes of the graphene on silicon photonic crystals in far infrared region, with mode profile confirmed by three dimensional FDTD simulation (Figure 1b) . On the same sample, the correspondent photonic absorption modes are presented in Figure 2c . 
Summary:
We have observed two regimes of light interaction for the graphene-photonic crystal composite structure: plasmonic and photonic regimes, according to the relation of their effective wavelengths to the structural parameters of the photonic crystal. These different regimes may be suitable for different applications. The plasmonic regime in mid-IR can be used, in addition to the aforementioned applications, for sensing due to the extreme confinement of graphene plasmons close to the surface. The photonic regime is suitable for photodetection, since absorption of photons in graphene may generate a photocurrent.
